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Polycyclic aromatic hydrocarbons (PAHs) are a class of planar molecules that can induce chemical
carcinogenesis. Their carcinogenic powers vary in a large range, from the very strong carcinogens to
the inactive ones. Many models have been proposed to explain the PAHs’ carcinogenic activity, but all
of them present some failures. Here we introduce a new methodology to identify PAHs’ carcinogenic
activity based on the concept of electronic local density of states (LDOS). We show that the analysis
of the molecular energy levels in association with the LDOS calculated over the ring which contains
the highest bond order of the molecule allows simple rules to identify whether a specific PAH molecule
will present (or not) carcinogenic activity. [S0031-9007(96)00805-8]
































eneCancer is a disease of multicellular organisms involvi
multistep processes in which cells accumulate genetic
terations as they progress to a more malignant pheno
[1]. Many factors can be associated with the inducti
of cancer, but the chemical component is the most imp
tant. Among the chemicals which are known to indu
cancer the polycyclic aromatic hydrocarbons (PAHs) p
a very important role. As a class the PAHs rank seco
only to mycotoxin mold metabolites in relative carcino
genic potency [2]. The study of chemical carcinogene
induced by PAHs has a long history, the first investig
tions going back to the 1930s with the pioneer works
Cook and co-workers [3]. They reported a relationsh
between carcinogenic activity (malignant tumors in ra
and some geometrical features of the molecules. The
theoretical studies carried out by Coulson, Schmidt, a
Svarthölm [3] explored these aspects trying to correl
geometry to electronic features of PAH molecules.
Schmidt and Svarthölm deduced that some specific
gions of the PAH molecules should have higher electro
density than others, and consequently be more fav
able to electrophilic reactions. Svarthölm associated h
chemical reactivity with the calculated free valences
p electrons and showed that the 9,10 positions in anth
cene and similar compounds (later known as theL r gion)
and the 9,10 double bond of phenantrene and similar c
pounds (later known as theK region) are the most re
actives. These simple ideas constitute the core of
K, L-region theory [4] (Fig. 1). This theory, proposed b
Pullman and Pullman [4], is based on quantum chem
calculations, and it is expressed in terms of critical
dices involving localization energies defined for theK and
L regions. With experimental evidences suggesting t
the diol-epoxides should be the ultimate carcinogens
day believed to be an oversimplification [5]), similar the
































(inset of Fig. 1). The simplest example of a bay regi
corresponds to the inner corner opposite to theK region
in phenanthrene.
The K, L region and similar theories (based on ele
tronic indices) and more recently theories using statisti
analysis, neural networks, and artificial intelligence me
ods [7–10] have been tested, but none is totally consis
FIG. 1. The 26 polycyclic aromatic hydrocarbons (PAH
molecules studied in the present work. See Table I for th
descriptive names. The darker bonds indicate the bonds
the highest bond order. In the inset are shown the pyr
structure and also typicalL, K, and bay (B) regions for PAH
molecules.© 1996 The American Physical Society







































































rswith all the available experimental data. Some of the
work well for a specific subset of compounds but fail f
the remaining and vice versa. Therefore, the search
a simple and reliable theory that could identify, at lea
at the qualitative level, whether a PAH is carcinogenic
not is still in progress. In view of the significant and in
creasing levels of PAHs present in urban air (partly d
to auto exhaust), and in many common processed fo
[2], the elucidation of this problem is an important hea
challenge.
In this Letter we propose a new methodology to ide
tify whether a specific PAH molecule will be carcino
genic. This new methodology is able to treat all the PA
molecules, even those that do not containK, L, or bay re-
gions, since it does not involve such concepts. We h
investigated the existence of a correlation between e
tronic structure and carcinogenic activity for the PAH fam
ily shown in Fig. 1. These molecules were selected ba
on the fact that the experimental Iball index [11] is ava
able for them. This index is defined as the percentage
skin cancer or papilloma-developing mice (skin painti
experiments) divided by the average latent period in d
for the affected animals multiplied by 100 [12]. We hav
carried out the electronic structure calculations for the PA
molecules using the same method and parameters (sim
Hückel) used by Pullman and Pullman [4] for theirK-L the-
ory, in order to allow a direct comparison with their resul
The use of density of states (DOS—number of electro
states per energy unit) and local density of states (LDOS
DOS calculated over a specific region or atom) conce
can give us detailed information on the contributions
specific geometrical regions of the molecules to the che
cal reactivity, optical response, etc., and, consequently
their biochemical behavior. For all the molecules cons
ered here the discrete molecular spectrum was Lorent
enveloped and weighted to produce the DOS localized o
a specific region or specific atom. In spite of its simplici
the Hückel method and similars are still very useful on t
qualitative analysis of the electronic and structural prop
ties of organic compounds [13,14].
In Table I we show a summary of the Hückel results f
the molecules shown in Fig. 1. The values for the HOM
(highest occupied molecular orbital), the next lower lev
the HOMO-1, and their energy differenceD are shown.
The difference between HOMO and LUMO (lowe
unoccupied molecular orbital) and the experimental Ib
index for each molecule are also presented. From
table we can notice that it is not possible to use any
these magnitudes separately as indicators for carcinog
activity.
We then proceed to the analysis of the LDOS ov
limited geometrical regions of the molecules. We ha
carried out LDOS calculations over theL, K, and bay re-
gions. These are the relevant regions that have been
to define critical indices for carcinogenic activity. Our r

















































patterns that could be correlated with the carcinoge
power. The same was observed for the LDOS involvin
terminal rings.
However, using the concept of bond order there
another relevant region to investigate, which is the rin
containing the highest bond order (RHBO) since it reflec
the molecular reactivity. The bond orderprs between an
r and ans atom measures the total contribution of th
p electrons to the “bond” between them (see Ref. [1
for details). When we analyzed the LDOS for the rin
containing the highest bond order in association with t
difference in energy between the HOMO and HOMO
(D energy), a clear pattern appeared allowing us to gro
and identify the PAHs according to their carcinogen
activity through three very simple rules stated belo
(Fig. 2). The first of these rules is based on the molecu
architecture and applies only to the pyrenelike structur
and this is the only criteria determining carcinogen
activity. For nonpyrenic molecules rules (b) and (c) stat
below apply.
Pyrenelike molecules.—(a) If the molecule contains a
pyrenelike structure andD is greater than0.25b, it will
be strongly carcinogenic; otherwise the molecule will b
inactive.
Nonpyrenic molecules.—(b) If the HOMO is the high-
est (peak) contribution to the LDOS, the molecule w
be completely inactive. (c) If the HOMO contribution to
the LDOS is greater than that of HOMO-1 (but not th
highest peak) andD . 0.15b, the molecule will present a
trong or moderate carcinogenic activity. If the HOMO-
contribution is greater than that of HOMO, the molecu
will present weak or no activity at all.
This set of rules can be applied to all the molecul
shown in Fig. 1 without exceptions: (a) applies to th
molecules 1, 2, 3, 4, 5, 6, 8, 10, 17, and 24; (b) appli
to 18, 19, 21, 22, and 25; (c) applies to 7, 9, 12, 16, 1
13, 14, 15, 20, 23, and 26. The LDOS pattern works a
“fingerprint” to identify carcinogenic molecules.
We would like to stress that when we analyze molecu
with moderate activity, as that defined in the rule (c
we should have in mind that the Iball indices for the
are not very accurate. In many cases it is not certain
the compound is active or inactive. Many of these com
pounds were isolated and tested before modern meth
of purification were available. Some of these substanc
could have been contaminated with highly active imp
rities which would lead to greater than expected activ
[16]. Considering that PAHs need to be metabolized b
fore becoming active, this is a serious problem. Als
structure-activity studies based on electronic features of
isolated molecules can only be used to classify molecu
as active or not, but they cannot be used to predict poten
Environmental aspects, such as hydrophobicity (not co
si ered here), play a major role in determining the poten
of the active compounds, while mainly electronic facto
differentiate the actives from the inactives [17].1187
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heTABLE I. Summary of the Hückel results for the molecules numbered according to the scheme shown in Fig. 1. The
occupied molecular orbital (H), the next lower occupied levelsH 2 1d, and their difference in energy are indicated. The ene
difference from L (lowest unoccupied molecular orbital) to HsL 2 Hd and the experimental Iball index are also indicated. All t
energy results are expressed in the usual Hückel resonance energyb (approximately 2.4 eV).
Molecule H H 2 1 H 2 L D Iball
(#1) dba[3,4;9,10]pyrene 20.682 20.342 0.684 0.340 74
(#2) ba[3,4]pyrene 20.802 20.371 0.742 0.431 72
(#3) db[3,4;8,9]pyrene 20.793 20.303 0.606 0.490 68
(#4) db[3,4;6,7]pyrene 20.742 20.422 0.844 0.320 50
(#5) db[1,2;3,4]pyrene 20.669 20.398 0.796 0.271 33
(#6) naphtho[2,3;3,4]pyrene 20.648 20.303 0.606 0.345 27
(#7) db[1,2;5,6]anthracene 20.684 20.474 0.948 0.210 26
(#8) tba[3,4;6,7;8,9]pyrene 20.671 20.338 0.676 0.333 20
(#9) db[1,2;3,4]phenantrene 20.711 20.532 1.064 0.179 18
(#10) tb[3,4;6,7;9,10]pyrene 20.680 20.396 0.792 0.284 17
(#11) db[1,2;5,6]phenantrene 20.603 20.550 1.100 0.053 10
(#12) b[1,2]anthracene 20.715 20.452 0.904 0.263 07
(#13) chrysene 20.792 20.520 1.040 0.272 05
(#)14 b[3,4]phenantrene 20.662 20.568 1.136 0.094 04
(#15) db[1,2;7,8]anthracene 20.618 20.492 0.984 0.126 04
(#16) db[1,2;3,4]anthracene 20.714 20.499 0.998 0.215 03
(#17) b[1,2]pyrene 20.718 20.497 0.994 0.221 02
(#18) phenantrene 20.769 20.605 1.210 0.164 00
(#19) triphenylene 20.684 20.684 1.368 0.000 00
(#20) b[1,2]naphthacene 20.687 20.327 0.654 0.360 00
(#21) db[3,4;5,6]phenantrene 20.657 20.536 1.072 0.121 00
(#22) picene 20.680 20.502 1.004 0.178 00
(#23) tb[1,2;3,4;5,6]anthracene 20.637 20.522 1.044 0.115 00
(#24) db[1,2;5,6]pyrene 20.673 20.555 1.110 0.118 00
(#25) phenanthra[2,3;1,2]anthracene 20.555 20.429 0.858 0.126 00
(#26) b[1,2]pentacene 20.618 20.244 0.488 0.374 00






































theOur LDOS analysis has revealed that the PAH carci
genic activity is determined basically by theD energy
for the pyrenic structures and by two factors for the n
pyrenic structures: the relative HOMO and HOMO-1 co
tributions to LDOS of the RHBO and the requirement
a minimumD value.
The existence of a minimumD value playing a deci-
sive role in determining carcinogenic activity is a surpr
ing result. This has never been speculated before in
literature and might explain some of theK-L model fail-
ures. The physical meaning of the minimumD value can
be expressed in terms of frontier orbitals [15]. It see
that a “clean” frontier orbital, i.e., a HOMO well separat
in energy from the HOMO-1, is a necessary but not s
ficient condition for carcinogenic activity. It is the “ba
ance” between relative HOMO and HOMO-1 contributio
and their energy separation that determines if a spe
PAH molecule will be carcinogenic or not. Another u
expected result is that from a topological and electro
structure point of view the carcinogenic activity of PA
molecules is much better described in terms of pyrene
structures than in terms of phenanthrenelike structure
previously suggested [3].
It is a well known experimental fact that chemic

















can drastically affect their carcinogenic activity [18
depending on the site of substitution and on the num
of substituted groups. Active molecules can becom
inactives or vice versa, or the carcinogenic power c
be largely varied (increased or decreased). Experime
studies exploring substitutions within the concepts of t
K-L theories (increase or decrease of the localizat
energy at specific regions) have been carried out, a
some of them present some inconsistencies [5]. O
results suggest the existence of alternative ways to a
the carcinogenic PAH power via substitutions affectin
the HOMO and HOMO-1 energy separation and th
relative contribution to the LDOS, without drasticall
altering the localization energy values atL, K, and/
or bay regions. These possibilities have never be
experimentally explored, and we believe that the pres
work can stimulate studies to test these ideas and cla
the failures of some chemical substitutions within theK-L
model ideas.
In summary, we have presented a new methodolo
to identify carcinogenic activity of PAH molecules usin
very simple rules and the concept of local density
states over the ring that contains the highest bond ord
The rules are based on the separation in energy of
HOMO and HOMO-1 and in their relative contribution























ch,FIG. 2. Local density of states (LDOS), in arbitrary uni
(a. u.), over the ring which contains the highest bond or
(RHBO) for molecules representative of the rules [(a)–(
stated in the text: (a) If the molecule contains a pyrenel
structure andD is greater than0.25b (such as #1 and #8)
it will be strongly carcinogenic; otherwise the molecule w
be inactive (such as #17 and #24). (b) If the HOMO
the highest (peak) contribution to the LDOS, the molec
will be completely inactive (#18 and #25). (c) If the HOM
contribution to the LDOS is greater than that of HOMO-1 (b
not the highest peak) andD . 0.15b, the molecule will present
a strong or moderate carcinogenic activity (#7 and #12).
the HOMO-1 contribution is greater than that of HOMO, th
molecule will present weak or no activity at all (#14 and #2
For simplicity only the valence states are displayed. H indica
the highest occupied molecular orbital,H 2 1 is the next lower
molecular orbital, and P the highest (peak) contribution
the LDOS.
to the LDOS of the RHBO. We have used the simp
Hückel method, but the methodology can be adap















good qualityab initio methods. This new methodology
is applicable to all PAH molecules, even those that do n
containK, L, or bay regions, and can be used to predi
carcinogenic activity of new or untested compounds.
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